While the mechanical properties of a substrate or engineered scaffold can govern numerous aspects of cell behavior, cells quickly start to assemble their own matrix and will ultimately respond to their self-made extracellular matrix (ECM) microenvironments. Using fluorescence resonance energy transfer (FRET), we detected major changes in the conformation of a constituent ECM protein, fibronectin (Fn), as cells fabricated a thick three-dimensional (3D) matrix over the course of three days. These data provide the first evidence that matrix maturation occurs and that aging is associated with increased stretching of fibronectin fibrils, which leads to at least partial unfolding of the secondary structure of individual protein modules. A comparison of the conformations of Fn in these 3D matrices with those constructed by cells on rigid and flexible polyacrylamide surfaces suggests that cells in maturing matrices experience a microenviroment of gradually increasing rigidity. In addition, further matrix stiffening is caused by active Fn fiber alignment parallel to the contractile axis of the elongated fibroblasts, a cell-driven effect previously described for other fibrillar matrices. The fibroblasts, therefore, not only cause matrix unfolding, but reciprocally respond to the altered Fn matrix properties by up-regulating their own rigidity response. Consequently, our data demonstrate for the first time that a matured and aged matrix has distinctly different physical and biochemical properties compared to a newly assembled matrix. This might allow cells to specifically recognise the age of a matrix.
Introduction
The mechanical properties of a cell's environment can govern numerous aspects of cell behavior, including cell migration, 1-3 gene expression, 4,5 cell signaling and differentiation. 6-9 Different cell types can be impacted in fundamentally different ways by mechanical factors, which can trigger highly specific functional changes in a manner similar to those induced by soluble biochemical factors. 10,11 For example, the optimal substrate stiffness that promotes normal physiological cell function is cell specific, ranging from stiff for bone cells to soft for nerve cells. 12-14 The differentiation of mesenchymal stem cells is also reported to be regulated by matrix rigidity. These stem cells differentiate preferentially into a neurogenic linage on soft and an osteogenic linage on rigid substrates. 9 However, if cells are cultured over several days, do they still respond to the rigidity of their initial substrate, or do other factors have to be considered? When cells are seeded on tissue culture plates or within engineered 3D scaffolds, they will quickly start to assemble their own matrix and will ultimately respond to their self-made ECM microenvironment. In most mature three-dimensional cell cultures, tissue-engineered scaffolds, and in vivo tissue environments, it is therefore ultimately the ECM which provides the cell with its mechanical and biochemical cues. How do the macroscopically measured materials characteristics of the substrate relate to the microscopic characteristics of cell's self-made matrix? Since cells constantly assemble and remodel their ECM, it is of great importance to establish how ECM is assembled and how the properties of 3D matrices change over time.
While the ECM has been traditionally conceived of as a simple scaffold functioning mainly as a mechanical support for cells, a far more complex picture is emerging in which the ECM is a dynamic entity with physiological functions well beyond simple cell anchorage. 9,15-17 For example, fibronectin (Fn) matrices can act as a storage depot for a variety of growth factors, thus regulating cell growth and morphogenesis according to their timed release. [18] [19] [20] Degradation products are also known to trigger numerous physiological responses, such as antibacterial activity 21 and inflammation. 22 Furthermore, cell interactions with the ECM can trigger a variety of signaling events via integrins, receptors that provide a molecular bridge between the external environment of the cell and its internal actin cytoskeleton. [23] [24] [25] [26] [27] Fibronectin (Fn) is a major component of the ECM, and its expression is up-regulated in embryogenesis, at wound sites and during angiogenesis. 28 It is a large (450 kD), multimodular protein composed of homologous repeating structural motifs called type I, II, and III modules, which have binding sites for other ECM proteins and for cells as seen in Fig. 1 . Fibronectin also has a number of cryptic sites, which remain hidden when the protein is in its globular, soluble form with its two dimeric arms tightly crossed over each other. These cryptic sites become exposed as Fn undergoes conformational changes. Major structural changes have been shown to occur as Fn is polymerized by cells into matrix fibers. [29] [30] [31] [32] [33] [34] Moreover, the exposure of cryptic sites in Fn modules is an important event regulating integrin binding, cell signaling and the ability of cells to construct new matrix fibrils. 30, [35] [36] [37] Conversely, changes in cell contractility have been shown to alter access to these same sites within matrix fibrils. Inhibition of Rho A, an agonist of cell contractility, prevents the exposure of a cryptic site in FnIII 1 , and disruption of the actin cytoskeleton with cytochalasin D causes refolding of Fn type III modules in fibrils assembled between cells and an underlying glass substrate. 31, 32, 38 This suggests that alterations to Fn's structure might play an important role in the feedback between cells and the ECM.
We hypothesized that interactions between cells and their environment could alter the rigidity of the ECM, and this would be reflected in the molecular structure of constituent proteins like Fn. In this study, we therefore investigated the dynamic conformational changes Fn undergoes in gradually maturing ECM by using fluorescence resonance energy transfer (FRET) from fluorescently labeled Fn as a probe of structural changes (Fig. 1 ). In our previous work, we have used FRET to discriminate between compact, extended and partially unfolded conformations of Fn, both in cell culture 32,33 and upon adsorption to surfaces. 39-41 Here, we first examined how FRET changed as the FRET-labeled Fn probe, together with unlabeled Fn, was harvested from solution and assembled into the ECM by fibroblasts seeded on soft and stiff polyacrylamide surfaces. This established that Fn conformation in matrix fibrils was sensitive to the mechanical characteristics of the underlying substrate. We then asked how the Fn unfolding progressed as cells created their own 3D ECM. Furthermore, Fn extension and unfolding was correlated with known responses of cells to environmental stiffness, such as the length of β1 fibrillar adhesions and actin polymerization. We found that cells actively change the conformation of Fn within the evolving matrix in a manner that is reminiscent of an increasing rigidity response over time. Our data thus suggest that mechanical forces play a significant role in dynamically altering not only the physical properties of ECM fibres, but also the display of molecular and cellular recognition sites through protein stretching and unfolding.
Materials and methods

Fibronectin labeling
Human plasma Fn (>95% purity, Chemicon) was labeled for FRET using a two-step process, similar to previous experiments. 32 In the first step, four free cysteine residues located on the Fn modules FnIII 7 and FnIII 15 within each Fn monomer ( Fig. 1) were site-specifically labeled with acceptors by denaturing Fn in 4 M guanidine hydrochloride (GdnHCl) and adding a 10-fold excess of the acceptor, Alexa 546 maleimide (Molecular Probes, Eugene, OR). After incubation for 1 h at room temperature the mixture was dialyzed for 4 h (Slide-a-Lyzer dialysis cassette, 10 000 MW cutoff; Pierce Biotechnology, Rockford, IL) against a PBS buffered solution of 0.1 M sodium bicarbonate, pH 8.6, which served as the labeling buffer for the second labeling step: conjugating unspecified lysine residues with the donor, Alexa 488 succinimidyl ester (Molecular Probes, Eugene, OR). A 60-fold molar excess of Alexa 488 was used to label the protein according to the standard amine-labeling protocol supplied by the manufacturer (Molecular Probes). The resulting doubly labeled protein Fn-D/A was purified by sizeexclusion chromatography using a PD-10 gel filtration column (Amersham Pharmacia). The labeling ratio of donors to acceptors per Fn dimer was determined by measuring the absorbance of the labeled protein at 280, 496 and 556 nm and using published extinction coefficients for the dyes and Fn. We have found the optimal labeling for matrix assembly experiments to be 7 to 9 amines conjugated with the donor and all four cysteines conjugated with the acceptor.
Fabrication of polyacrylamide surfaces
Rigid and flexible polyacrylamide surfaces were engineered by modifying previously published protocols. 1,7,42 The surfaces were made on glass-bottomed petri dishes (35 mm diameter petri dish, 14 mm diameter glass, MatTek, Ashland, MA) by first pipetting 150 µl of 0.1 N NaOH on to the glass, air drying, then covering the surface with aminopropyltriethoxysilane and incubating for 4 minutes. The glass was then washed with distilled water and incubated with a 0.5% solution of glutaraldehyde for 30 minutes, taking care to avoid the plastic edges of the chamber. The surfaces were washed with distilled water and air dried. 10 µl of a 10% polyacrylamide solution with either 0.03% bisacrylamide (flexible surface or soft surface) or 0.26% bisacrylamide (rigid surface or stiff surface) was pipetted on to the activated glass and a round 12 mm diameter unactivated coverslip was placed on the droplet. To ensure that the weight of the unactivated coverslip did not cause the acrylamide solution to collect at the periphery, the entire culture dish was inverted. Polymerization occurred in about 1 h, after which the unactivated coverslip was easily removed, since the acrylamide did not attach to it. The surfaces were rinsed and stored in PBS at 4 °C. The finished surfaces were about 90 µm thick. The elasticity of the acrylamide gel has been shown to be independent of film thickness for both the crosslinking densities used in this study. 43 The Young's modulus of the surfaces was measured macroscopically on sheets of acrylamide gel (∼50 × 17 × 2 mm) by keeping one end of the substrate fixed and attaching a known weight to the other end. The Young's modulus can be calculated as E = (F/A)/(∆l/l), where F is the applied force, A is the cross-sectional area of the substrate, ∆l is the change in length of the substrate, and l is the original length of the substrate. This method was applied to more than three different substrates, and yielded a Young's modulus of ∼7500 Pa for the flexible surface and ∼33 000 Pa for the rigid surface. The Young's modulus was also calculated using atomic force microscopy (AFM) with a rounded SiO 2 tip (radius 5 µm, measured spring constant 85 pN nm −1 ) and a modified Hertz model as previously described. 44 The AFM measurements were in good agreement with the macroscopic results, yielding a Young's modulus of ∼7 200 Pa for the flexible surface and ∼33 000 Pa for the rigid surface.
Cell culture on activated polyacrylamide surfaces and on glass surfaces
Since cells are unable to adhere to bare polyacrylamide surfaces, primarily due to low protein adsorption, unlabeled Fn was crosslinked to the polyacrylamide surfaces to allow for cell attachment. First, the polyacrylamide surfaces were activated with a 1 mM solution of sulfosuccinimidyl-6(4′-azido-2′-nitrophenylamino)hexanoate (sulfo-SANPAH, Pierce) as described previously. 1,45 Sulfo-SANPAH is a heterobi-functional crosslinker that can bind to polyacrylamide with one reactive group upon photoactivation and then interact with amines on proteins with its second reactive group. UV photoactivation was achieved in a tissue culture hood by exposing the solution to UV for 15 minutes, rinsing with PBS and repeating the procedure. After the final rinse, a 25 µg ml −1 solution of Fn in PBS was incubated with the polyacrylamide surfaces at 4 °C overnight.
NIH 3 T3 cells in growth medium (Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum; Invitrogen, Carlsbad, CA) containing penicillin (100 U ml −1 ), streptomycin (100 µg ml −1 ), and fungizone (250 ng ml −1 )) were plated on the prepared MatTek petri dishes (1.5 × 10 5 cells per well). The cells were allowed to adhere for 30−45 minutes, after which the medium, along with any unbound cells was removed by gentle pipetting and replaced with growth medium supplemented with a mixture of Fn-D/A and a 20-fold excess of unlabeled Fn (uFn) yielding a final added Fn concentration of 100 µg ml −1 . Excess unlabeled Fn was used to prevent energy transfer between adjacent Fn proteins in matrix fibrils. 32 Cells were allowed to grow and assemble matrix for 4 h.
For 3D matrix experiments, sterile glass-bottomed LabTek 4-well chambers (VWR International, West Chester, PA) were coated with unlabeled Fn by adsorption from a 25 µg ml −1 Fn solution in PBS for 60 min at 20 °C. NIH3 T3 fibroblasts were plated at a density of 8.3 × 10 4 cells cm −2 (1.5 × 10 5 cells per well) and allowed to grow as described above. Samples were incubated between 24 to 96 h (4 days). Mixtures of labeled and unlabeled Fn were supplied to the cell culture at various times depending on the type of experiment.
Fluorescence microscopy and spectroscopy
All FRET spectra and images were taken from living NIH 3 T3 fibroblasts. Samples were removed from the growth medium and rinsed 3 times with warm (37 °C) PBS by gentle pipetting. Care was taken to avoid pipetting fluids directly over the cells. After the last rinse, PBS supplemented with 1.5 mM of the antioxidant Trolox (Sigma) was added to wells to reduce photobleaching. Fluorescence images and spectra were collected within 30 minutes of removing the cells from the incubator to reduce artifacts that may be caused by the cells dying. Imaging and spectroscopy of Fn-D/A in cell matrices was performed using an inverted epifluorescence microscope (TE 2000E, Nikon; 100× oil PlanFluor objective, 1.3 NA, Nikon) with an attached spectrometer (Acton 150, Roper Scientific, Acton, MA) and camera (TEK512, Princeton Instruments, Trenton, NJ). The experimental system has been described in detail elsewhere. 32 Spectra were acquired using Metamorph software (Universal Imaging, Media, PA). Spectra and fluorescence and phase contrast images were taken from between 15 and 20 different regions of each sample so that statistically representative populations of cells and their matrices were acquired. Light exposure was minimized and spectra were collected only once from each sample spot to prevent artifacts due to differential photobleaching of donors and acceptors. Images were processed using Adobe Photoshop 6.0 software and spectra were analyzed using custom software created in IGOR Pro (WaveMetrics, Lake Oswego, OR). The program imported a 512 × 512 16-bit image created in Metamorph and assigned a calibrated wavelength to the x-axis, vertical position to the y-axis, and intensity to the z-axis. Spectra were produced by taking a line scan across the x-axis for a given pixel on the y-axis. The program then calculated the intensities of the donor and acceptor peaks. To exclude out of focus light, only data above a minimum donor peak intensity value were used (between 100 and 500 counts, depending on the sample and the region within the sample). The I A /I D ratios taken from the randomly chosen sample spots were complied into box and whisker plots. Each box and whisker plot represents data taken from ∼200 to 500 different fibrils, depending on the density of the matrix.
Estimation of area covered by Fn matrix and area of fibrils underneath cells
In order to compare the matrix assembled by cells on rigid and flexible surfaces, we estimated the total area covered by fluorescent Fn fibrils on the two surfaces. Fluorescence images were first put through a high-pass filter, and then thresholded on the basis of intensity (Adobe Photoshop). This procedure generated a binary image that showed either the absence of presence of fibrils in the region that was imaged. The total number of pixels that were covered by the fibrils was then measured and converted to square microns (Igor Pro). Division of this total area by the number of cells generating the matrix gave the approximate area of matrix assembled per cell. Since the diameters of the fibers may be below the diffraction limit, this total can only be understood as an upper estimate for comparison between the two surfaces rather than an absolute measure.
We also determined the percentage of the total matrix that was present underneath cells. Fibrils were identified and total area covered by the matrix was calculated as described above. The position of cells was determined by interactively drawing their outlines from the phase contrast image corresponding to the fluorescence image of the Fn fibrils. The outlines of the cells defined a region of interest (ROI), which was then used by the software to calculate the area of fibrils only within that ROI (Igor Pro).
Staining for actin and β1 integrins
Samples were rinsed with warm (37 °C) PBS, then incubated for 30 min with cold (4 °C) 2% paraformaldehyde (Sigma). Cells were permeabilized with 0.2 % Triton X-100 in PBS for 3 minutes. For actin staining, TRITC-phalloidin (Molecular Probes) at a concentration of 1 µg ml −1 in PBS at pH 7.4 was added for 45 minutes, then thoroughly rinsed and viewed in a 1.5 mM solution of Trolox in PBS. For integrin staining, cells were permeabilized for 15 minutes with a 0.2% Triton-X100 (Sigma) and 10% goat serum (Jackson ImmunoResearch Laboratories, West Grove, PA) solution in PBS. Incubation with rat anti-mouse β1 (Pharmingen, San Jose, CA) antibody occurred over 3 h at a 1 : 1000 dilution in a solution of 0.1% Triton-X100 and 5% goat serum. Following primary antibody incubation, cells were rinsed thoroughly with a solution of 0.01% Triton-X100 and 1% goat serum in PBS and incubated with appropriate secondary antibodies (Jackson ImmunoResearch Laboratories Inc) at a 1 : 250 dilution in 0.1% Triton-X100 and 1% goat serum in PBS. After rinsing again with PBS, samples were mounted for imaging using Fluoromount-G (Southern Biotechnology Associates, Birmingham, AL), an anti-photobleaching agent.
Cell extraction
Fibroblasts were extracted from 24 h and 96 h cultures as described by Yamada and co-workers. 15 Briefly, each sample was rinsed twice with warm PBS (pH 7.4), then incubated for 3 min.
in 300 µl warm extraction buffer (0.5% Triton X-100, 20 mM NH 4 OH, in PBS). Samples were then rinsed three times with PBS (pH 7.4). A final aliquot of PBS supplemented with 1.5 mM Trolox was added to each well for viewing. Spectroscopy and microscopy of samples were performed immediately following extraction.
Measurement of angles between fibrils of different ages
Fluorescently labeled Fn matrices were prepared as described above. For determining the angle between matrix at different timepoints, a single dye, Alexa 488, was used to label full-length Fn. Alexa 488-labeled Fn was added to cultures during either of two time periods: 0−24 h or 24−48 h. Unlabeled Fn was substituted in all other time periods. During the last hour of assembly, a 70 kDa N-terminal fragment of Fn labeled with Alexa 546 was added to cultures. The binding of the Fn N-terminus to assembly sites on the cell surface is known to be an essential step in Fn fibrillo-genesis. 46 Thus, we used the 70 kDa fragment as a marker of new matrix fibrils and compared their arrangement with fibrils constructed during earlier time periods. Fluorescence images were taken of Alexa 488 labeled fibrils and the matrix stained with the 70 kDa fragment. These were processed and overlaid in Adobe Illustrator. Angles between the different fibrils were measured using Igor Pro 4.05A (Wavemetrics Inc.) and displayed as histograms. Each set of data includes observations from two separate experiments and different regions within each sample.
Results
Identifying FRET ratios in solution that correspond to partial unfolding of Fn and loss of secondary structure
In our previous work, we demonstrated that FRET from doubly labeled Fn is sensitive to unfolding of Fn type III modules. 32,33,41 Prior to adding Fn to cell cultures, we correlated the FRET from doubly labeled Fn (Fn-D/A) with the conformation of Fn as it was progressively denatured in solution. FRET was defined as the ratio of acceptor to donor peak intensities, or
The structural changes that Fn undergoes upon chemical denaturing have been well documented. Fn has a compact conformation in solution, where its two dimeric arms are crossed over each other (Fig. 1) . Under mild denaturing conditions (below 1 M GdnHCl), the electrostatic interactions that stabilize the folding of Fn's dimeric arms upon each other are broken, but the structure of individual Fn modules remained intact. 33 Thus, the initial reduction in FRET from 0 to 1 M GdnHCl is due to the loss of intramolecular protein contacts between the two overlapping arms of the dimer, as confirmed by circular dichroism spectroscopy. 41, 47,48 Circular dichroism spectroscopy also shows that Fn starts losing secondary structure at concentrations of GdnHCl greater than 1 M, and this is accompanied by a further decrease in FRET due to the unfolding of FnIII modules. 41, 48 For each batch of labeled Fn, we measured the I A /I D ratio at GdnHCl concentrations between 0 and 4 M, and used this curve to interpret the FRET measured in Fn matrices. This calibration is not exact, since chemical denaturants and tensile stress likely unfold Fn via different pathways. However recent experiments from our laboratory support this mode of calibration by demonstrating that Fn fibrils that are stretched to 2−3× their fully relaxed length have an I A /I D ratio similar to Fn in 1 M GdnHCl. At these levels of tension, Fn modules experience significant unfolding, such that the buried, free cysteine residues on FnIII 7 and FnIII 15 are exposed. 49 The I A /I D ratio at 1 M GdnHCl was chosen as a benchmark for the beginning of 
Fibronectin exhibited greater unfolding on rigid polyacrylamide surfaces compared to flexible polyacrylamide surfaces
Many cells, when seeded on surfaces, will start to assemble their own matrix. Consequently, they will replace the cell-surface contact by cell-matrix contacts. We thus asked whether the ECM offers cells an environment that is more compliant to mechanical forces as compared to the glass or plastic substrates typically used for cell culture. To determine whether we could detect structural differences in Fn assembled on soft versus rigid substrates, the cells were cultured on chemically identical polyacrylamide surfaces having two different values for their elastic modulus. Rigid surfaces were created with an elastic modulus of 33 kPa, while the flexible surfaces had an elastic modulus of 7.5 kPa. These values were chosen based on previous experiments which showed differences in cell behavior at these two substrate rigidities, 1,11 and based on substrate compliances at which cells were able to assemble sufficient matrix for FRET measurements. These values for elastic modulus are also within the range of those measured for different types of ECM in vivo. 9,50
We first confirmed that cells on both surfaces were able to fabricate an Fn matrix after 4 h. The 4 h time point was chosen because it was sufficient time for cells to make enough matrix to obtain FRET data, but not so long that cells were no longer in direct contact with the substrate. Cells on both rigid and flexible acrylamide surfaces were able to assemble a matrix, albeit with measurable differences (Fig. 2) . The matrix was more abundant on rigid surfaces compared to flexible surfaces. On flexible surfaces, the area covered by Fn fibrils was only 78 µm 2 per cell, compared to 425 µm 2 per cell on rigid surfaces. Furthermore, the matrix on flexible surfaces tended to be concentrated underneath the cell body, with about 65% of total fibrillar area found under cells, compared to about 40% under cells on rigid surfaces. This suggests that matrix assembly is enhanced by increased substrate rigidity. Morphologically, both the matrix and the cells on rigid surfaces looked very similar to those on glass surfaces (data not shown).
The molecular structure of Fn in matrix fibrils on rigid surfaces was markedly more stretched than that on flexible surfaces, as measured by FRET. The data show that Fn-D/A in ECM fibrils is sensitive to substrate rigidity. The data furthermore suggest that cells in direct contact with rigid surfaces are able to partially unfold Fn while cells on flexible surfaces are less likely to do so. The unfolding of Fn also may explain why cells on rigid surfaces make more matrix than cells on flexible surfaces. It is known that cells need to unfold Fn in order to generate matrix fibers, 31,51,52 thus it is possible that on flexible surfaces, the inability of cells to unfold Fn leads to reduced matrix assembly. These findings have been reproduced using three different batches of Fn.
As the 3D matrix matures, the newly assembled matrix is increasingly unfolded
Cells in a mature 3D ECM should experience a much softer environment than those grown in direct contact with the glass or plastic surfaces normally used for tissue culture. Because only minimal Fn unfolding was detected on artificial, soft polyacrylamide surfaces, we next tested whether Fn in newly assembled fibrils created by cells in an existing matrix exhibited similarly little unfolding. We cultured cells for 24, 48, and 72 h on glass to generate matrices of varying thickness. In order to measure FRET in Fn in only the fibers produced in the last hour of the culture, the cells were cultured first with unlabeled fibronectin and then given trace amounts of Fn-DA for the final hour (Fig. 3A) . This allowed us to measure the unfolding of Fn in newlyfabricated fibrils as cells experienced an increasingly mature matrix environment.
As the matrix grew from 2D to 3D during the first 24 h, the resident cells increasingly interacted with their matrix and less with the glass substrate (Fig. 3B) . It has been shown that cells in such thicker matrices attain a different phenotype than cells grown on the underlying 2D substrate. 15,53,54 We therefore hypothesized that as the matrix thickness increased, the cells would become de-coupled from the stiff substrate and interact more with the soft ECM and that this would be reflected in a decrease in Fn unfolding as seen on the polyacrylamide gels. Initially, our hypothesis appeared to hold true: the Fn in a large proportion of newly made fibrils on a 24 h matrix showed little unfolding and was similar in structure to the Fn made by cells on flexible surfaces (elastic modulus = 7.5 kPa) (Fig. 3C) . However, at later time points this trend no longer persisted. Surprisingly, the new fibrils produced in the thicker 48 h matrix actually exhibited more Fn unfolding than in the relatively thinner 24 h matrix. On the thickest, 72 h matrix, the degree of Fn unfolding resembled that seen on rigid matrices (elastic modulus = 33 kPa). These results demonstrated that a thick, 3D matrix environment was not necessarily more compliant than that of a thinner, 2D matrix.
Markers of cellular rigidity response: cells on rigid surfaces and in mature matrices have longer β1 integrin adhesions and more actin stress fibers
The FRET data suggest that, at least structurally, the Fn in new fibrils made on thick, mature 3D matrices bear more resemblance to Fn in fibrils assembled on rigid surfaces than on flexible surfaces. We therefore asked whether cellular markers of environmental rigidity were also present in cells in older matrices. Since Fn matrix assembly is initiated by the formation of fibrillar adhesions containing α5β1, 29,55-57 we compared the formation of these adhesions on rigid and flexible polyacrylamide surfaces with β1 integrin-containing adhesions in 3D matrices at various time points. On polyacrylamide, after 4 h of culture, fibrillar adhesions containing β1 were visible on both surfaces. However, the β1 staining appeared brighter and more elongated on rigid surfaces (Fig. 4) . To quantify these observations, we measured the length of the fibrillar adhesions 4 h after cells were seeded on the two surfaces. The mean length on rigid surfaces was 3.4 µm (n = 242), compared to 2.6 µm (n = 309) on flexible surfaces. The 98th percentile value for rigid surfaces was 8.3 µm compared to 6.4 mm for flexible surfaces. The differences were statistically significant, with p < 0.001 (ANOVA test).
The length of β 1 -containing adhesions was also measured in cell-derived matrices as they matured from 24 h to 96 h (Fig. 4) . At 24 h, both the number and length of β 1 -containing structures was quite low. By 48 h, the length of β1-containing adhesions began to increase again until seeming to reach a steady state by 72 h. By this time, highly elongated β1 integrincontaining adhesions were found on both the basal and dorsal surfaces of cells, ranging up to 20 mm in length. The wide distribution in the length of β1 adhesions may reflect the diversity of adhesion types and maturities which have been observed in 2D 58 , or alternatively, might be due to spatial heterogeneity of tensile forces acting within individual cells. No concomitant change in the width of β1-containing adhesions was observed. The adhesions found in mature matrices were even longer than those found on rigid surfaces, and may reflect not only the stiffness of the substrate, but also the enhanced protein recruitment to those adhesion sites over time, and the three-dimensional nature of the ECM. 15 Despite the differences in the actual magnitudes of adhesion lengths on the polyacrylamide gels and the ECMs, the pattern of adhesion formation as the matrix matured over 72 h was consistent with cells experiencing an increasingly rigid environment.
Actin stress fiber formation was also measured in cells on both rigid and flexible polyacrylamide surfaces after 4 h of culture. These actin stress fibers were then compared to stress fibers in cells residing in 24 and 96 h matrices. Virtually all cells on rigid surfaces showed well-developed stress fibers (data not shown). By contrast, on flexible surfaces no robust stress fibers were detected, although some cells did show signs of smaller, thinner actin filaments. Actin staining in cells resident in 24 h matrices and 96 h matrices confirmed the trend that the older matrices resembled stiffer environments (data not shown). At 24 h, staining for actin revealed that cells had almost no stress fibers. However, at 96 h, cells stained strongly for actin stress fibers in the direction of their long axis. These results again suggest that cells at 96 h resemble cells on stiff surfaces, and cells at 24 h resemble cells on a soft surface.
Fn unfolding averaged over the entire matrix progressively increased as the ECM matured
In order to further investigate whether the trends seen in the previous sections were symptomatic only for newly assembled matrix or held true even when averaging all fibrils in a culture, we looked at Fn unfolding in the entire matrix over the course of one to four days for fibroblasts cultured on glass (Fig. 5 and 6 ). For these experiments, labeled Fn was added to the culture medium for either 24, 48, 72 or 96 h. We found that Fn was gradually more stretched and that unfolding increased as the matrix developed over time. At each time point, FRET varied from region to region and from fibril to fibril within a given population which is reflected in the distribution of FRET values and is in agreement with previous observations. 38 In the 24 h matrix, the average FRET (I A /I D ) ratio was 1.3 (varying between 1.1 and 1.45, Fig. 6 ). Most of these FRET ratios correspond to Fn conformations that are extended, when compared to the calibration of Fn unfolding in GdnHCl.
Cultured over several days (24−96 h), the cells grew into the third dimension to form at least a cell bilayer and assembled a dense 3D matrix approximately 15 µm deep. The matrix morphology was undergoing another significant transformation: rather than the isotropically arrayed fibrils observed at 24 h, matrix fibrils were aligned with the long axis of cells (Fig. 5) . Matrix fibrils also became thicker than at 24 h and lost the fine mesh structure seen at those earlier time points (Fig 5) . Corresponding FRET decreased as time progressed (Fig. 6A) (Fig. 6A) .
Fn unfolding was controlled by cell contractility
In order to verify that the changes in intensity ratio were not due to artifacts such as partial protein degradation or fluorophore photodamage, the cells were extracted from 24 h and 96 h matrices, leaving behind the intact detergent-insoluble matrix. In agreement with our previous results that showed the unfolding of Fn in 24 h cultures was controlled by contraction of the actin cytoskeleton, 33,38 we found that removal of cells at 24 and 96 h caused matrix unfolding, i.e. an increase in FRET (Fig. 6B) , although the change within 24 h matrices came primarily from loss of the lower FRET values. Interestingly, FRET in the extracted matrices did not increase to the same absolute level: 24 h extracted matrix exhibited a peak at I A /I D = 1.35 representing a small increase of 0.02 (p < 0.0001, n = 300), while the 96 h extracted matrix had a peak I A /I D = 1.22 with a much larger increase of 0.27 (p < 0.0001, n = 400). This data is particularly significant in light of recent experiments that use cell-derived 3D Fn matrices as scaffolds for seeding cells. 15, 54, 59 To make such cell-derived matrices, cells are extracted from the deposited ECM. Our data show that, although the appearance and overall architecture of the matrix does not change when cells are removed, the molecular structure of Fn is altered: Fn partially refolds when the cell-generated tensile forces are missing. Altered Fn conformation in the ECM could affect all subsequent interactions of newly seeded cells with the matrix.
Old matrix served as scaffold to anchor newly assembled matrix and was thereby progressively stretched
The FRET data shown so far point to a general trend in increased Fn unfolding over time, and that Fn structure in newly laid fibrils depends on the age of the underlying matrix that the new fibrils are assembled on. However, it does not reveal the state of Fn in the older, underlying matrix. To determine whether the progressive decrease in intensity ratio seen in Fig. 6 was due to the addition of new fibers with Fn in an increasingly unfolded state, or due to older matrix that also was continuously changed by cells, we measured the intensity ratio of Fn in fibers of different ages within a 72 h matrix. For these experiments, we examined matrices that had been assembled over 72 h, but given labeled Fn either between 0 to 24 h, 24 to 48 h or 48 to 72 h (Fig. 7A) . The FRET data from these experiments (Fig. 7C) show that the matrix made between 0 and 24 h was the most unfolded, while the matrix assembled by cells during the last 24 h of the experiment (48 to 72 h) was the least unfolded. Thus, Fn unfolding progressively increases with time and the oldest fibrils show the greatest amount of unfolding. This showed that cells do not only lay down new fibrils as time progresses. They also continuously remodel older matrix in a way that increasingly stretches and unfolds Fn in the oldest matrix fibrils. The data imply that cells do not endocytose and intracellularly degrade the old matrix as they make new matrix under the chosen experimental conditions, nor do they appear to simply abandon the old matrix. A digested matrix looks visibly different from an intact one and also exhibits very little energy transfer, as indicated by a low intensity ratio (data not shown). An abandoned matrix may visually appear similar to remodeled matrix, but would not show decreases in FRET levels at 48 and 72 h, since we have shown (Fig. 6B ) that FRET actually increases when cells no longer exert tension on the matrix. The most likely explanation for the decreased FRET over time is that the old matrix is used as a scaffold for newer fibrils and cells continue to apply tension to the old matrix and further unfold the Fn as they assemble new fibers.
To further determine whether older fibrils in a matrix served as a scaffold for the assembly of new matrix, we measured the angle at which the newly formed fibrils bisected older ones (Fig.  8) . We compared the angles formed between new fibrils and the three different groups of fibers studied in Fig. 7 : the last 24 h of a 72 h matrix (newest fibrils) to the fibrils made during the first 24 h (oldest fibrils) and the subsequent 24 h (intermediate fibrils). Newly formed fibers were identified by staining with the 70 kD Fn fragment as described in the Materials and Methods section. Although a significant fraction of the newer fibrils appear to align quite well with the older fibrils (angles between 0 and 10 degrees), there is a fairly broad distribution of angles between the two sets of fibrils, with many of the newest fibrils perpendicularly bisecting the oldest ones. In contrast, virtually none of the newest fibrils bisect the intermediate fibrils at high angles. Rather, the newest fibrils appear to be fabricated tangential to the intermediate ones, with most angles falling between 0 and 10 degrees. The data shows that there is only partial overlap between the oldest fibrils in a culture and the newest ones, while there is more overlap between the newest fibrils and those assembled in the time period immediately preceding them (intermediate fibrils). The results support previous experiments which have shown that there is only partial overlap between newly formed Fn fibrils and a pre-formed 3D matrix. 59 The data also suggest that a physical connection still exists between older matrix fibrils and cells and that it is mediated by newly assembled fibrils.
Discussion
Through the introduction of a conformationally sensitive probe, we showed for the first time that the maturation and remodeling of the matrix is manifested at a molecular level in the progressive unraveling of the secondary structure of one of its major constituent proteins, the multimodular protein Fn. We also showed that fibroblasts respond to the altered Fn matrix properties. The ECM is thus more than a scaffold with a static Fn conformation that provides only structural support to cells. We also found that cells cultured over several days do not solely respond to the rigidity of the initial substrate. Nor do they only sense the increased compliance of their self-made ECM. Rather, the cells increasingly stretched Fn in the matured matrix and showed a gradually up-regulated rigidity response. Our data showed that Fn module unfolding in fibrils is affected by the rigidity of the underlying substrate only at very early time points, when cells had direct contact with the surfaces upon which they are seeded. The Fn matrix was significantly more stretched and unfolded on the rigid (33 kPa) than on the soft (7.5 kPa) substrate (Fig. 2) . In this context, it should be briefly noted that the question of cell's ability to unfold Fn in matrix fibers was controversial 32,38,60-62 and was recently answered positively, 33,63 thereby confirming previous results. 32 ,38,52 A closer look at the time course of the reciprocity between matrix maturation and the cellular response revealed how the cell's response to rigidity was altered when the cell increasingly interacted with self-made matrix rather than the provided substrate. Once a confluent fibroblast monolayer had been formed on glass after 24 h, new fibrils deposited on 3D matrix (Fig. 3 ) did indeed contain Fn that was similarly stretched to Fn deposited on soft surfaces (Fig. 2) . However, the trend did not hold for Fn newly deposited on 48 and 72 h matrices. The overall trend instead pointed to increased unfolding of newly deposited Fn, reminiscent of an increasingly rigid ECM environment. The results show that thicker, mature matrices that decouple cells from their initial substrates can constantly evolve over time, possibly providing environments of decreasing compliance to the resident cells.
Several pieces of evidence support the notion that the ECM environment elicits an increasing cellular rigidity response over time. Fibroblasts display longer β1 integrin adhesions as the matrix ages and show more actin stress fibers (Fig. 4) . Moreover, cells do not abandon older matrix with the passage of time. Rather, the older matrix serves as scaffold to anchor a newlyassembled matrix (Fig. 8) and, as tensile forces are applied, Fn in the older matrix becomes continuously more stretched and unfolded (Fig. 7) . Matrix unfolding can at least be partially reversed when cell contractility is inhibited, 38 or when the cells are removed (Fig. 6B) . The presence of this increasingly unfolded Fn could thus account at least partially for the increased cellular rigidity response. The large extensibility range of single fibrils of Fn and of other ECM proteins is thought to involve the unraveling of their secondary structure. 33, 38, 62, 64, 65 While the stress-strain relationship has not yet been established for Fn fibers, fibrin fibers (which have a comparable extensibility to those of Fn) show a stiffness increase at the presumed onset of module unfolding. 66,67 Our data may also offer a molecular level explanation for other experiments that have shown increases in ECM stiffness over time. 66, 67 An additional contribution to the upregulated rigidity response comes from a second effect often previously described for fibrous matrices, namely matrix stiffening through fiber alignment. In the maturing ECM, the Fn fibers of the older matrix are increasingly aligned parallel to the long axis of the fibroblasts (Fig. 5) . Tension-induced stiffening is thus caused by an anisotropic alignment of fibers along the force vector and has also been observed to alter the micro-or macroscopic properties of polymeric materials. 68 Tension stiffening also plays an important physiological role, as cell contractility leads to the local compression and stiffening of a variety of biological matrices (for reviews see ref. 69 & 70 ) . Alterations of collagen and elastin fibers, for example, are involved in arterial stiffening that is associated with the aging process and disease states such as hypertension, diabetes, atherosclerosis, and chronic renal failure. 71 The process is driven by reciprocal interactions between cells and their surrounding matrices. Even within the cell, cytoskeletal stiffening also occurs, and is caused by alignment of the force-bearing actin stress fibers along the force vector. [72] [73] [74] In our experiments, we see both an enhanced alignment of the fibronectin fibrils as well as of stress fibers over time, suggesting that the cell is causing tension stiffening of the matrix as it matures.
Three major conclusions can thus be drawn from these findings: one, the rigidity of a cell's substrate can affect the conformation of Fn in the ECM; two, the ECM is constantly changing at the conformational level of its constituent proteins; and three, thick, mature matrices contain more unfolded Fn and up-regulate the rigidity response of cells compared to younger matrices.
What might be the role of increasingly unfolded Fn in matrix fibrils? Several molecular recognition sites as well as catalytically-active sites have been identified that are cryptic in native Fn (Fig. 1) . Future research has to address whether they can be exposed by mechanical force and whether they are still catalytically active in strained Fn. Another possibility by which aging might modulate Fn function is illustrated by recent results from our laboratory that the stretching and unfolding of Fn fibers regulates the binding of serum proteins in a proteinspecific manner (W.C. Little, M. L. Smith, R. Schwartlander, U. Ebneter, D. Gourdon, V. Vogel, in prepration). Aging of the matrix may thus change the composition of serum proteins that are transiently bound to intact Fn fibers. Enzymatic degradation of the ECM could also be modulated by the force-regulation of Fn unfolding if enzymatic cleavage sites exist that could be exposed in a strain-dependent manner. 22 Growth factors sequestered in the ECM can be released via enzymatic degradation 20 and Fn degradation products themselves are known to trigger numerous physiological responses, such as antibacterial activity 21 and inflammation. 22
Our observations of changing Fn conformation during matrix maturation further suggest a new mechanism by which the binding and release of growth factors, peptides and other soluble proteins might be regulated in a matrix age-dependent manner. Moreover, all proteins are known to have finite lifetimes before they are degraded by proteolytic or endocytotic mechanisms. The ECM also is known to be continuously remodeled, with fibronectin degradation occurring intracellularly after endocytosis. 75,76 Again, the mechanisms that control the balance between the degradation and the assembly process are incompletely understood. Increasingly unfolded Fn in the matrix could thus act as a marker for aged matrix and subject it to degradation when other conditions are appropriate. Such a marker for degradation could potentially exist by unmasking protease binding sites in stretched Fn that would otherwise be hidden. Future research is needed to determine whether the age-dependent unfolding of proteins in the ECM might impact cell signaling, matrix degradation, and other matrix-regulated pathways. Fibronectin's major binding sites and an example of module unfolding under tensile stress. (A) Fibronectins are dimeric molecules composed of over 50 repeats of three different β-sheet modules (FnI, FnII, and FnIII). One monomer of the type of fibronectin found in human blood plasma is shown in (A); fibronectin produced by cells may contain additional alternatively spliced modules, as indicated. Fibronectins contain a large number of molecular recognition and cryptic sites, including the cell binding site RGD, which is recognized by multiple integrins; 77 the synergy site PHSRN, which is recognized by α5β1 and αIIbβ3 integrins; 78, 79 the sequence IDAPS at the FnIII 13−14 junction in the Heparin II region of fibronectin, which supports α4β1-dependent cell adhesion; 80,81 and the NGR motif in FnI 5 , which is nonenzymatically converted to isoDGR and can then bind the αvβ3 integrin. 82,83 A similar, highly conserved, NGR motif occurs in FnI 7 , but has not been extensively studied. 83 The cryptic sites include various Fn self-assembly sites whose exposure is needed to induce fibronectin fibrillogenesis, 51 a cryptic fragment from FnIII 1 that localizes to lipid rafts and stimulates cell growth and contractility, 84 and a binding site for tenascin. 85 One cryptic site with enzymatic activity is the FnCol-ase, which is a metalloprotease in the collagen binding domain of plasma fibronectin capable of digesting gelatin, helical type II and type IV collagen, α-and β-casein, and insulin β-chain. 86 Other enzymatically active cryptic sites include Fn-ase, a proteinase specific to Fn, actin, and myosin; 87 and a disulfide isomerase. 88 Finally, there are two cryptic, non-disulfide-bonded cysteines on each monomer, in modules FnIII 7 and FnIII 15 which are utilized in this study to site-specifically attach the acceptor fluorophores. (B) Tensile stress applied to Fn fibers causes changes in the quaternary, tertiary, and secondary structure of Fn molecules. 33 Figure B shows three FnIII modules with intact secondary structure (top) and with the partial unfolding of one module due to increased tensile stress (bottom). (Unfolding of the center module was simulated with the molecular dynamics program NAMD. The ribbon diagrams were assembled using Maya (Autodesk) software.). 
